Abstract. In this study, the use of trimethylchitosan (TMC), by higher solubility in comparison with chitosan, in alginate/chitosan nanoparticles containing cationic β-cyclodextrin polymers (CPβCDs) has been studied, with the aim of increasing insulin uptake by nanoparticles. Firstly, TMCs were synthesized by iodomethane, and CPβCDs were synthesized within a one-step polycondensation reaction using choline chloride (CC) and epichlorohydrine (EP). Insulin-CβCDPs complex was prepared by mixing 1:1 portion of insulin and CPβCDs solutions. Then, nanoparticles prepared in a three-step procedure based on the iono-tropic pregelation method. Nanoparticles screened using experimental design and Placket Burman methodology to obtain minimum size and polydispercity index (pdI) and the highest entrapment efficiency (EE). CPβCDs and TMC solution concentration and pH and alginate and calcium chloride solution concentrations are found as the significant parameters on size, PdI, and EE. The nanoparticles with proper physicochemical properties were obtained; the size, PdI, and EE% of optimized nanoparticles were reported as 150.82±21 nm, 0.362±0.036, and 93.2%±4.1, respectively. The cumulative insulin release in intestinal condition achieved was 50.2% during 6 h. By SEM imaging, separate, spherical, and nonaggregated nanoparticles were found. In the cytotoxicity studies on Caco-2 cell culture, no significant cytotoxicity was observed in 5 h of incubation, but after 24 h of incubation, viability was decreased to 50% in 0.5 mμ of TMC concentration. Permeability studies across Caco-2 cells had been carried out, and permeability achieved in 240 min was 8.41±0.39%, which shows noticeable increase in comparison with chitosan nanoparticles. Thus, according to the results, the optimized nanoparticles can be used as a new insulin oral delivery system.
INTRODUCTION
Insulin has a low bioavailability by oral administration, due to its instability against gastric pH, gastrointestinal enzymes, and its low permeability across the intestinal epithelium (1) (2) (3) (4) .
The oral route is the most convenient route of administration and improves patient compliance, but the absorption of proteins via oral administration depends on several factors such as decreased digestion in the gastrointestinal (GI) tract and increased intercellular and paracellular penetration. Therefore, different types of drug carriers have been employed to protect insulin from the harsh environment of the gastrointestinal tract and deliver it to the target side in the body (5, 6) .
Nanoparticles containing insulin, which are categorized as the colloidal dispersions composed of biodegradable and biocompatible polymers, have been extensively studied for novel drug delivery system. Chitosan, due to its mucoadhesive properties and its ability to open tight junctions, is among the popular ones (7) (8) (9) (10) (11) .
Although chitosan nanoparticles have proper physicochemical properties, these polymeric nanoparticles have several problems such as instability against acidic pH (12) (13) (14) (15) (16) . The alginate/chitosan polyelectrolyte complex is considered one of the nanoparticulate drug delivery systems in which chitosan can increase paracellular permeability due to its mucoadhesivness and binding to epithelia as well as its ability to opening tight junctions (17) (18) (19) . Alginate can form a reversible gel by cross-linking with multivalent cations such as Ca 2+ . This gel matrix aggregates in the acidic pH and preserves the drug molecule in this condition (20) . Therefore, the chitosan/ alginate complex can improve insulin absorption across the intestinal mucosa and efficiently protect it from the harsh environment of the stomach (2, (21) (22) (23) (24) (25) (26) (27) .
Chitosan is insoluble in neutral and basic pH, while trimethyl chitosan (TMC), the most studied quaternized derivative of chitosan, is soluble up to a pH value of 9.0 due to its permanent cationic charge. The increased solubility of TMC is considered as an advantage compared to nonmodified chitosan. TMC also has a well-known structure and simple method of preparation (28) . In recent studies, the transepithelial resistance of Caco-2 cells in the presence of TMC was determined, which shows a reversible decrease indicating a reversible opening of the tight junctions (29, 30) . Therefore, in this study, TMC was used instead of parent chitosan to increase the nanoparticles' penetration into entrocytes.
As cyclodextrins (CDs) are able to increase absorption by modifying the mucosal membrane fluidity and can also protect insulin against denaturation, thermal denaturation, and degredation, significant effort has been made to entrap insulin and the cyclodextrin complex into the chitosan and alginate hydrogel matrix (27) . CDs are known as cytotoxic elements because of their binding to membrane cholesterol and proceeding by hemolysis, but they are safe in oral administration because of their poor absorption from the GI tract (28, (31) (32) (33) .
β-Cyclodextrins are one of those cyclodextrin derivatives that pose better water solubility than parent CD. In the interaction of protein molecules with CD, hydrophobic side chains penetrate into the CD cavity and make a noncovalent complex that aims to ensure protein stability (34) . CDs modified by the quaternary ammonium group cannot bind to cholesterol and consequently are hemocompatible. These ionic CDs have better complexation potential and better solubility. CD polymers also pose lesser damage to the mucosal membrane (34, 35) . To combine all of the aforementioned advantages, the cationic polymers of βCD were prepared by applying choline chloride (Cc) to provide the quaternary ammonium group and epichlorohydrine (Ep) to form polymeric chains (25, 36) .
The aim of the present study is to prepare a novel nanoparticulate drug delivery system consisting of TMC, alginate, and cationic β-cyclodextrin (CPβCD) for the oral delivery of insulin.
METHODS AND MATERIALS
Materials β-Cyclodextrin, epichlorohydrine, and choline chloride purchased from Sigma-Aldrich (Dorset, UK). Low molecular weight Chitoclear® chitosan [viscosity 1% (w/v) solution in acetic acid, 22 mPa S] was provided by Primex (Siglufjordur, Iceland). Sodium alginate was provided by Sigma-Aldrich (Dorset, UK). N-Methylpyrolidone, sodium iodide, iodomethane, phosphoric acid, sodium hydroxide, and calcium chloride was purchased from Merck (Darmstadt, Germany), and human insulin was provided by Exir Pharmaceutical (Lorestan, Iran).
All other chemicals were of pharmaceutical grade and used as received.
Synthesis of Trimethyl Chitosan
For the preparation of trimethyl chitosan, 4 g chitosan was dissolved in acetic acid 1% (v/v) initially. Sodium iodide (2 g) and 50 ml sodium hydroxide (NaOH, 1 M) were added to the mixture. Then, 1.5 ml of methyl iodide (CH 3 I) was added to the solution under reflux condition at 50°C, and the procedure was repeated three times. The product was then precipitated by adding adequate quantities of acetone.
The precipitates were dissolved in deionized water and dialysized against distilled water using a dialyzing tube with molecular cut-off of 12,000 Da for 3 days. Then, the purified polymer was precipitated using NaOH (5 N). Finally, the precipitation was dried completely using a vacuum oven (37) (38) (39) .
Synthesis of Cationic β-Cyclodextrin Polymers
Cationic polymers of βCD have been synthesized according to Zhang et al. (27) , with minor modifications, in a onestep polycondensation by the portion of 1:15:4 of βCD/Ep/Cc. Briefly, β-CD was completely dissolved in NaOH (0.6 N) in a water bath on the magnetic stirrer at 25°C for 24 h. Subsequently, choline chloride (2.7 g) was added spontaneously, and 6.9 g of epichlorohydrine was added dropwise at a rate of 0.1 ml/min. The temperature of the solution increased up to 60°C and was maintained for 2 h. Finally, the solution was neutralized by a hydrocholoric acid solution (3 N). Following purification by a dialyzing tube with a molecular cut-off of 1000 Da in 24 h, the solution was frozen and lyophilized into a fine cake (27, 36) .
Synthesis and Preparation of Nanoparticles
In this study, insulin nanoparticles were prepared in a three-step modified ionotropic pregelation method. First, the insulin-βCD complex was prepared in a 1:1 volumetric ratio in which 3 ml of βCD solution in different concentrations was added to equal volumes of insulin solution (0.5 mg/ml, pH= 6.3±0.1) and stirred for 1 h. After that, sodium alginate solution (10 ml) in different concentrations, which was previously stirred for 12-24 h to dissolve, was added to the complex solution and stirred for 10 min. The pH of alginate solution was kept constant at 4.9 in all experiments. Then, the CaCl 2 solution with variable concentrations (1.5 ml) was added dropwise for 15 min, while the stirring rate was set at 300 rpm. Finally, the TMC solution (2 ml) in different concentrations and various pH values was added and stirred at 700 rpm for 30 min (27, 40) . The prepared opalsant nanosuspension was centrifuged at 12,000 rpm for 20 min to settle down the nanoparticles. The transparent aqueous solution in supernatant was kept for insulin determination, and the settled down nanoparticles were resuspended in the doubledistilled water that was previously filtered through 0.44-μm filters. Sucrose (5% w/v) was added to the nanocolloid as the lyoprotectant. The nanocolloid was then frozen overnight at −20°C and freeze-dried using a Christ® freeze drier (Martin Christ GmbH, Osterode am Harz, Germany). The nanoparticles were freeze-dried for 48 h, at 0.07 mbar working pressure and −50°C condenser temperature.
Characterization of Nanoparticles

Determination of Size and PdI of Nanoparticles
Photon correlation spectroscopy (PCS) was used for measuring size of the nanoparticles. PCS measures the conversion of intensity of scattering light caused by the Brawnian behavior of particles (41) . For the determination of size and PdI of the particles, the measuring sample is diluted in 1:5 ratio by previously filtered deionized water. The experiment was done in triplicate (42) .
Determination of Zeta Potential of Nanoparticles
Electrical charge on the surface of particles demonstrated by zeta potential and the related value indicates physical stability of colloidal system. Zeta Sizer 3000Hs (Malvern, UK) was used for determining zeta potential of the particles (43, 44) .
Determination of Entrapment Efficiency and Loading Efficiency of Nanoparticles
To calculate the entrapment efficiency (EE%) and loading efficiency (LE%) of nanoparticles, the opalsant colloidal nanosuspension has been centrifuged at 12,000 rpm for 20 min, and the nonencapsulated insulin in the transparent supernatant aqueous fluid was measured by high-performance liquid chromatography (HPLC) (n=3). Then, the EE% and LE% were determined using the equations provided below:
HPLC Analysis
In this study, an Agilent 1260 infinity, equipped with UVvis detector and C 18 column (125×4.6 mm×5 μm) was used for the determination of insulin in the samples. The mobile phase contained a mixture of acetonitrile: phosphate buffer (30:70). The buffer consisted of 500 ml of KHPO 4 (0.2 N), comprising 1% triethyl amine, and the pH was adjusted to 2.8 using phosphoric acid 85% v/v. The flow rate and the detector wavelength were adjusted to 1 ml/min and 214 nm, respectively.
The analytical method was proven to be linear in the range of 0.5-70 μg/ml with linear coefficient (R 2 ) of 0.996. The related precision and accuracy (i.e., inter-and intraday variations) were calculated and proven to be in the acceptable range according to ICH guidelines.
Experimental Design Studies
To obtain an optimized nanoparticulate system for drug delivery, the application of statistical experimental design methodology has been found to be very useful in the several last years. Screening and optimization are the most important applications of these methods. Screening is ordinarily feasible by factorial models. This technique is used to recognize the effective factors on a system's behavior. Optimization, which is usually carried out by response surface methods (RSMs), is used to achieve optimized terms for preparing a drug delivery system with desirable physicochemical features. Although different methods exist to conduct these studies, in this study, the Placket Burman experimental design method was used for screening (26, 45, 46) .
The independent variables (factors) were defined as the concentration and pH of CPβCD, the concentration and pH of TMC, the concentration of alginate, and the concentration of calcium chloride according to preliminary studies. Responses including the size, PdI, and EE% were considered the dependent factors, as illustrated in Table I . Design Expert® software (V.8.8.1, Stat-Ease, Inc. Minneapolis, USA) was used to design the experiments, as well as for screening, modeling, and predictions. According to Design Expert®, 12 runs must be performed for a full screening study. The Placket Burman design is summarized in Table II . 
Morphological Studies
Morphology of prepared particles was examined by scanning electron microscopy (SEM). A few amount of freezedried nanoparticles were diluted by deionized water. Samples were then dispersed on a lamel and permitted to dry; then, the gold-coated samples were observed by an electron microscope.
In Vitro Release Studies
In this study, in order to investigate the release profile of nanoparticles in acidic and neutral media, both simulated gastric fluid (SGF) and simulated intestinal fluid (SIF) were used for in vitro release studies.
For the preparation of simulated gastric fluid (SGF), hydrochloric acid solution (0.2 N, 39 ml) was added to sodium chloride solution (0.2 N, 250 ml), and the volume was adjusted to 1000 ml with deionized water, while the pH was maintained at 2.2. Simulated intestinal fluid (SIF) was prepared by dissolving KH 2 PO 4 (6.8 g) in 250 ml of deionized water. The solution was mixed with NaOH (0.2 N, 77 ml), and finally, the volume was adjusted to 1000 ml using deionized water, while the pH was maintained at 6.8.
The proper amount of lyophilized powder equivalent to 70 mg of insulin, considering the loading efficiency (LE%) and the amount of lyoprotectant used for freeze drying, was weighted and dispersed in the SGF. Throughout the entire study, the temperature was kept constant at 37±1.0°C, and the release medium was gently agitated at 50 rpm using the USP basket apparatus I. The experimental condition was adjusted in a manner to ensure that the sink condition was established.
In predetermined time intervals of 15, 30, 45, 60, 75, 90, and 120 min, 1 ml of the solution was sampled and replaced by a freshly prepared, preheated medium. The samples were centrifuged at 12,000 rpm for 20 min, and the supernatant was collected for insulin determination using the previously mentioned HPLC method. After 120 min postincubation, the release medium was changed to SIF, and samples were taken at 150, 195, 240, 300, and 360 min.
Caco-2 Cell Culture
Caco2 cells were provided from Pasteur institute (Tehran, Iran) at passage numbers of 30-40. Cells were cultured on 25-cm 2 Nunc plastic flasks (Roskilde, Denmark). The medium contained modified Eagle's medium (MEM) supplemented with 1% v/v nonessential amino acids (90% v/v), fetal bovine serum (FBS, 9% v/v), and penicillin-streptomycin (100 U/ml, 1% v/v). Cells were incubated in a humidified atmosphere containing 5% CO 2 and 95% air at 37°C. The culture medium was changed every second day. Cells were passaged after 7 days until the desired confluency is reached.
Permeability Studies
For performing the permeability studies on Caco-2 cell monolayer, insulin was used in free solution form and in the form of nanocolloids prepared from nonmodified chitosanalginate-CPβCD and TMC-alginate-CPβCD.
Caco-2 cells with passage numbers of 30-45 were obtained as mentioned before. The cells were seeded on polyethylene terephthalate (PET) membrane filters with a pore size of 0.4 μm (Grenier Bio one, Manore, NC, USA) in 12-well plate at the cell density of 2×10 4 cell/cm 2 . The medium included modified Eagle's medium mentioned previously in this publication. The culture medium was added to both apical (1 ml) and basolateral (2 ml) compartments and was changed every second day for 18 days. The cells were incubated at 37°C in an atmosphere of 5% CO 2 at 90% humidity. To ensure the formation of cell monolayer, the transepithelial electrical resistance (TEER) was determined every second day using an EVOM 2 , epithelial voltammeter for TEER (World Precision Instruments, Sarasota, FL, USA) equipped with chopstick electrode set. The experiment was performed when the TEER values were more than the values of 600-700 Ω cm 2 to ensure the formation of a monolayer. On the other hand, the transwell membrane was studied visually by optical microscopy to ensure the formation of a monolayer.
One hour before the experiment, the medium in both apical and basolateral sides was changed to a transport medium, i.e., white MEM buffered with n-(2-hydroxyethyl) piperazine-n-(2-ethanosulfonic acid) (HEPES) at pH 7.4, and the cells were allowed to equilibrate for 1 h.
For permeability studies, 1 ml of 0.40 mg/ml final concentration of insulin in the form of nanocolloids prepared was added to the apical side of the cell culture dish. Samples of 50 μl were collected from the basolateral part at predetermined times of 0, 30, 60, 90, 120, 180, and 240 min and replaced with equal volumes of fresh white MEM-HEPES medium. The samples were analyzed for the insulin content using the previously mentioned HPLC method. The study was performed in triplicate.
Statistical Analysis
All experiments had been done in triplicate, and results were reported as ,mean±SD. Statistical significant differences were determined by one-way analysis of variance (ANOVA), which proceeded with appropriate tests designed by SPSS (V. 19.0.0, IBM statistics, New York, USA), and the differences were considered significant when p<0.05.
For performing a Placket Burman experimental design, Design Expert® software (V.8.8.1, Stat-Ease, Inc., Minneapolis, USA) was used for modeling, prediction, and screening.
RESULTS
Synthesis of Trimethyl Chitosan
TMC as a quaternized derivative was synthesized, and the chemical structure has been studied by 1 H-NMR spectroscopy, as illustrated in Fig. 1 . Considering the chemical structure of chitosan and TMC, which is shown in Fig. 2 , the signals developed at 2.3 and 2.7 ppm are assumed to be related to the -N(CH 3 ) 2 and N + (CH 3 ) 3 , respectively; the signal at 3.02 ppm is assigned to the O-methylated sites 
Experimental Design
Although iono-tropic gelation is a known method for preparing hydrogels using polyelectrolytes, because several factors are effective in the preparation of nanoparticles, the optimization of effective factors is necessary.
Design Expert® software was used to study the effects of independent factors, including the concentration and pH of the βCD solution, the concentration and pH of TMC solution, and finally, the concentration of sodium alginate and CaCl 2 solution on the size, pdI, and EE% of nanoparticles, and the Placket Burman experimental design study was considered. The experimental results are summarized in Table II . During the preparation of formulations 10 and 11, large aggregates were developed, and consequently, the related large aggregates were not examined for physico-chemical properties including size, PdI, and EE%.
Particle Size
According to the results shown in Table II , the size of nanoparticles varies in the range of 187±20.07 nm to 2393± 1219 nm.
The 3-D graph of alterations in size due to changes in values of independent factors is illustrated in Fig. 3a-c . The particle size is increased by increasing the alginate concentration; particle size was observed to be greatest when the alginate concentration was highest (Fig. 3a) .
Although the particle size also increased by increasing the concentration of CaCl 2 (Fig. 3b) , but higher β-CD concentrations resulted in smaller particle sizes (Fig. 3c) .
Statistical analysis was done by Design Expert® to choose the best significant statistical model to predict particle size variations (p<0.05).The regression analysis of variance showed that the linear coefficients of A, C, and F factors, which indicate the βCD, sodium alginate, and CaCl 2 concentrations, respectively, are significant in the suggested model (p<0.05). The characteristics of the identified significant models are summarized in Table III .
Polydispersity Index
PdI is defined as an index demonstrating the hemogenicity of nanocolloids, and numerically is between 0 and 1. In all of the results, the PdI varies between 0.29 and 0.97, and βCD, alginate, and CaCl 2 concentrations were found to affect its quantity (Table II) .
A3-D graph of changes in PdI in accordance with changes in the values of independent factors is illustrated in Fig. 4a -c. As shown in Fig. 4a , PdI is increased by increasing the CaCl 2 concentration. Higher alginate concentrations provide particles with higher PdI values (Fig. 4b) .
Statistical analysis was done using Design Expert® software to choose the best fitted, significant, statistical model to predict changes in PdI (p<0.05). The regression analysis of variance showed that the linear coefficients for factors A, C, and F, which demonstrate βCD, alginate, and CaCl 2 concentrations, respectively, are significant in the suggested model (p<0.05). The proposed model, defined as the equation provided below, and its characteristics are demonstrated in Table III .
Entrapment Efficiency
According to the results shown in Table II , the EE% of particles is observed to vary between 99.84% and 100.03%.
A3-D graph of the changes in EE% in accordance with the changes in values of independent factors is illustrated in Fig. 5 . As shown in this figure, a higher EE% was associated with higher concentrations of TMC and βCD and lower pH values of β-CD.
Due to the statistical analysis done using Design Expert® software, the regression analysis of variance showed that the linear Table III .
Preparation of Optimized Nanoparticles and Model Validation
The predicted quantities of independent variables required to prepare optimized nanoparticles are shown in Table IV .
Nanoparticles were prepared by suggested formulation in the laboratory condition (Table IV) , and their observed physico-chemical properties were determined as illustrated in Table V . As shown in this table, the calculated error percent is <5% in all cases, indicating the proper accuracy and significance of the model.
Morphological Studies
Morphology of the freeze-dried nanoparticles prepared from the optimized formulation depicted in Table IV has been studied using SEM. As shown in Fig. 6 , spherical to subspherical nanoparticles were prepared.
In Vitro Release Study
According to obtained data, a few amount of insulin released in 120 min of postincubation, which is regarded as the release in SGF medium (i.e., pH=2.2) and considered to be 4.9±0.24%, while just after changing the release medium to SIF (i.e., pH=6.8), the sharp increase in release rate of insulin from nanoparticles could be observed (Fig. 7) in a manner that, after 350 min postincubation, 98.7±0.13% of insulin is released from nanoparticles.
Permeation Studies Across Caco-2 Cells
Insulin permeability across Caco-2 cell monolayer has been studied using insulin-free solution, chitosan-alginate-CPβCD nanoparticles, and TMC-alginate-CPβCD nanoparticles. Cell monolayer formation was confirmed by TEER value and assessment of membrane filter by optical microscopy. Insulin permeation in TMC-alginate-CPβCD nanoparticles had a noticeable increase in comparison with chitosanalginate-CPβCD nanoparticles (p<0.05). All the data demonstrated in Fig. 8 show permeability of mentioned nanoparticles achieve to 8.75±0.39 in 240 min.
DISCUSSION
Polymeric nanoparticles are known as nanocolloidal drug carriers that can be produced by natural, synthetic, and semisynthetic polymers. Particle size is the most important feature of the nanomeric systems, which is considered a significant feature in drug loading, drug release, and particulate system stability (26) . Many studies have proven that nanoparticles exhibit better characteristics than microparticles in drug delivery because of their smaller size and better mobility, which leads to better cellular uptake and better target delivery (47) . Many studies have assessed the use of PLGA (48) (49) (50) , chitosan (51) (52) (53) , and albumin (54) in peptide delivery.
The mechanism by which chitosan can open tight junctions and act as a permeation enhancer interrupts the integration of tight junctions by electrostatic interaction with the intestinal mucosa (55, 56) .
In recent years, ionic gelation and polyelectrolyte complexation (PEC) have been extensively used as a suitable technique to prepare the nanoparticles of sensitive molecules such as peptides and proteins. In these methods, procedures such as sonication and the presence of organic solvents can be avoided, which reduces the possible damage to peptides and proteins (57) . The PEC method can prepare nanoparticles with a high EE% and zeta potential, and ionic gelation can provide drug retention and eventually higher bioavailability.
Chitosan and alginate are considered apolycation and a polyanion, respectively, which can form a polyelectrolyte complex and take part in peptide and protein delivery.
In this study, the preparation of insulin nanoparticles begins first by preparing an ionic pre-gel of alginate and CaCl 2 according to iono-tropic pregelation and proceeds by complexation between alginate and TMC. Then, a TMC polyelectrolyte solution is added to form a polyelectrolyte complex that alginate pre-gel locates as its core (58) .
Insulin in low concentrations can develop much more stable complexes, while in higher concentrations, insulin can EE% entrapment efficiency be aggregated, consequently reducing the electrostatic attraction between the peptide and cationic βCD (27) . Cyclodextrins are considered helicoidal molecules with hydrophobic cavities and hydrophilic external surfaces. A portion of insulin hydrophobic side chains is located in the cavities by a noncovalent interaction, while the electrostatic attraction between negatively charged insulin and quaternary ammonium groups of cationic βCDs results in a stronger connection than nonmodified βCDs. Cyclodextrins are also used for delivery of small interfering RNA (siRNA). CALAA01, a cyclodextrin-based nanoparticulate system containing siRNA, has been proven to be effective in phase 1 clinical trial (59) . Moreover, cationic βCDs have better solubility and biocompatibility (33) .
The inclusion of insulin bulky molecules in βCD's cavities is called inclusion complexation. Therefore, by increasing the concentration of βCD, the particle size and pdI are expected to decrease. Nevertheless, this increase in the βCD concentration can result in a decrease in the EE%. These cationic polymers increase insulin solubility, and some of the insulin extrudes alginate hydrogel (37) .
By increasing the pH of the βCD solution, the EE% would decrease. This could be due to a reduction of the positive charge as a consequence of increasing the pH. Therefore, the electrostatic interaction and eventually the solubility would decrease (37) .
In the pre-gel preparing section, the order of adding CaCl 2 and polymer to alginate solution is important and influences the particle size, which may be due to the different nature of alginate's interaction with CaCl 2 and the polymer. In fact, negatively charged alginate can first crosslink with Ca 2+ , as a cationic ion, and the hydrogel can be developed. Second, the previously developed hydrogel resulting from a negative charge on its surfaces can complex with positively charged TMC. Cross-linking cannot be established when the complexation forms at first (41) .
Pre-gel formation time out and the stirring speed are also effective parameters for determining the size and EE%. Therefore, they were fixed as a constant in all tests.
The most effective parameter for size, EE%, and LE% is the massive ratio of alginate/chitosan, which determines the amount of polycations needed to capture the maximum amount of insulin in the particles. Therefore, since TMC is the last layer of nanoparticles and its influence on insulin loading is a major factor, by increasing the concentration of TMC while the concentration of alginate is kept constant, a decrease in the alginate/chitosan ratio and an increase in the EE% can be expected.
Mundargi et al. have reported pH-sensitive microspheres for oral insulin delivery using Eudagit L 100, Eudragit RS and their blends. They showed that, in gastric fluid with pH value of 1.2, the insulin was not released, while the maximum insulin release was found after 4-6 h postincubation in intestinal media with pH value of 6.8 (60) . In the present study, results obtained from in vitro release indicated the preparation of pHsensitive nanoparticles. Alginate, which is present in the structure of nanoparticles, is assumed to develop a gel in acidic EE% entrapment efficiency, LE% loading efficiency Fig. 6 . SEM images of morphological study of nanoparticles Fig. 7 . In vitro release profile of insulin from nanoparticles (n=3) pHs, and therefore, the release of drug from nanoparticles can be retarded in SGF. Sormento et al. have also reported alginate nanoparticles for oral delivery of insulin. They reported the burst release of insulin in acidic media due to weak interaction forces between peptide and the polymer (61, 62) . In this study, as shown in Fig. 7 , low burst effect indicate wellestablished electrostatic interactions between positively charged trimethyl chitosan, calcium chloride as cross-linking agent, negatively charged insulin-CPβCD complex and alginate. Mundargi et al. have reported development of poly(Nvinylcaprolactam-co-methacrilic acid) hydrogel for pHsensitive insulin delivery. They reported no significant release of insulin from hydrogel microparticles in gastric medium but complete release, approximately 100%, of insulin in pH value of 7.4 (63) . A significant increase in permeability of insulin entrapped in the studied nanoparticulate system has been proven in permeability studies across the Caco-2 cell monolayer. This indicates that these nanoparticles can crossepithelial enterocytes efficiently and possess better oral absorption. This may be due to the positive charge of TMC, which can enhance mucoadhesion.
CONCLUSIONS
In this study, a cationic derivative of βCD was synthesized, and insulin nanoparticles were prepared using a modified iono-tropic pregelation method. Design Expert® software and Placket Burman methodology were used to define significant parameters on the size, pdI, and EE% of particles. The morphology of prepared nanoparticles was studied using SEM, and the results revealed spherical to subspherical nanoparticles. The release study showed the slow release of entrapped insulin. The cytotoxicity studies revealed no significant cytotoxicity 5 h postincubation, but concentration-dependent cytotoxicity 24 h postincubation. The permeability studies showed significantly higher permeability of prepared nanoparticles across the Caco-2 cell monolayer.
Based on these facts, the prepared insulin nanoparticles using the modified iono-tropic pregelation method can be considered a good candidate for oral insulin delivery.
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